Abstract The present research was conducted to study the column mode (down flow and up flow) of Aspergillus niger decomposed Citrus limetta peels powder for desalinating Cd 2? and Pb 2? from synthetic and paint industrial wastewater. The batch mode was carried out to optimize pH, contact time, initial metal ion concentration and adsorbent doses. The column studies (both down flow and up flow) were performed with paint manufacturing industrial wastewater at optimized conditions. The percentage removal, metal uptake capacity and exhaustion time of the column in up flow mode were found to be far better as compared to down flow mode. The value of metal uptake capacity for Cd 2? and Pb 2? was achieved to be 722 and 596 mg g -1 at pH 5.0 and 6.0, respectively, in the first cycle using Thomas model. The comparison of adsorption in single-and multimetal ion systems showed that A. niger decomposed C. limetta peels powder have an excellent potential for the removal metal ions from industrial effluents.
Introduction
The health status of an individual, a community, or a nation is determined by the interplay and integration of two ecological factors, i.e., internal environment and external environment of human. The increased standard of living is creating a great threat to both environments by generating a huge amount of contaminants. The rapid industrialization is undoubtedly successful but unfortunately adding poisoned rivers, darkened sky and wastelands to our universe. One of the reasons for these worsening is the release of heavy metals (Ni, Zn, Pb, Cd, Hg) into environment. These metals are highly toxic, and their oral exposure thorough potable water can result in significant morbidity and mortality. Hence, it is worthwhile to treat the industrial wastewater to permissible limits before its disposal into natural water bodies.
The wastewater from paint manufacturing industry is rich in Cd 2? and Pb 2? . Both the metal ions are highly toxic, non-biodegradable, tend to accumulate in the tissues of the human body and have potential to be noxious even at relatively minor levels of exposure. Hence, their removal to an environmentally safe level in a cost effective and environment friendly manner is of greater significance. Biosorption seems to be an eco-friendly technology to clean up contaminated water (Galun et al. 1987; Mullen et al. 1989) .
Applications of fungal species for removal of metal ions from aqueous media have been reported by various research groups (Huang and Huang 1996; Zouboulis et al. 1997) . The use of dead cells for metal removal has received greater attention compared to living ones as former is nonhazardous and does not demand the growth media (Awofolu et al. 2006) . The fungal biomass of Penicillium (Galun et al. 1983) , Rhizopus arrhizus (Tsezos and Velosky 1982; Tobin et al. 1984) , Rhizopus oryzae, Aspergillus oryzae (Huang and Huang 1996) and Aspergillus niger (Kapoor et al. 1999; Park et al. 2005; Awofolu et al. 2006) have been used for desalinating the metal ions from aqueous solutions, and it has emerged as one of the most promising process.
In this study, A. niger was cultivated on Citrus limetta peels powder, and the dead biomass obtained was used for desalinating synthetic and paint manufacturing industrial (PMI) wastewater containing Cd 2? and Pb 2? in column studies. The batch mode was carried out to optimize pH, adsorbent dose, contact time, initial metal ion concentration and temperature so that the same conditions can be used to carry out continuous column studies which is applicable at industrial level for water purification. The characterization of the dead biomass was done using Fourier transform infrared spectroscopy (FTIR) and scanning electron microscopy (SEM)-energydispersive X-ray (EDX) analysis. The present research was carried out at MM University, Mullana (Haryana), and Thapar University, Patiala (Punjab), India, from August to December, 2012.
Materials and methods

Preparation of biosorbent
The C. limetta peels were collected and washed in running tap water followed by deionized water to remove dirt and other particulate matter. The peels were then dried in the hot air oven at 60°C for 48 h and finally grinded in a vegetable grinder to obtain the powder. Resulting powder was sieved through a 150-lm mesh-sized sieve, and powder (100.0 g) thus obtained was preserved in a sealed glass container for further use at 4°C.
Aspergillus niger was obtained from the department of microbiology, MMMC, Mullana (India), and was cultivated in medium of 200.0 mL deionised water and 100.0 g C. limetta peel powder at room temperature. After 20 days of incubation, living fungi were killed by autoclaving at 121°C for 20 min. The biomass thus obtained was washed thrice by using deionized water to remove the residual growth medium and then dried at room temperature. The dried A. niger decomposed biomass (ANDB) (88.5 g) was grounded in a mortar and pestle, and sieved through a sieve with 150-lm opening and stored in a desiccator for further uses.
Preparation of stock solutions
The synthetic stock solutions of Cd 2? and Pb 2? were prepared by dissolving requisite amount of AR grade CdSO 4 and Pb(NO 3 ) 2 in deionized water, respectively. The stock solutions were further diluted with deionized water to prepare the solutions of the desired concentrations. The pH of the solutions was adjusted by the addition of appropriate amounts of 0.1 M HCl or 0.1 M NaOH solutions.
Analysis of paint manufacturing industrial wastewater
Paint manufacturing industrial wastewater was collected from the paint manufacturing unit situated in Panipat, Haryana (India), and the physicochemical parameters of the same were analyzed (Table 1) using standard analytical methods (Smith 1963) . The concentration of heavy metals was analyzed using Atomic Absorption Spectrophotometer (AAS).
Instruments and software
The quantifications of Cd 2? and Pb 2? in solutions have been performed on AAS AA630, Shimadzu, Japan. The FTIR spectra of the adsorbent have been recorded on Thermo, Nicolet Is10 FTIR spectrophotometer, and field emission SEM was performed on JEOL JSM 6510LV to collect the SEM images. The pH of the solution has been measured by Cyber scan, Eutch pH meter. The orbital shaker incubator made by Metrex scientific instruments has been used for shaking the samples during batch operations at desired temperature and rpm. Software Sigma plot 11 has been used for plotting the graphs and data analysis.
Batch studies
Batch studies were opted merely to optimize the parameters such as pH, adsorbent dose, contact time, initial metal ion concentration and temperature for maximum biosorption from synthetic solutions were carried out at different pH values (1.0-8.0) by agitating 2.0 g of ANDB in 250-mL screw-cap conical flasks with 100.0 mL of metal ion solutions. The mixtures so obtained were agitated in orbital shaker at 225 agitation speed for 300 min at 30°C. After every 20 min of agitation, 2.0 mL of the suspensions were centrifuged at 3,000 rpm for 10 min and analyzed by AAS. Further, the effect of initial metal ion concentration (50-250 mg L -1 ), adsorbent dose (0.5 g-3.0 g/0.1 L), contact time (1-300 min) and temperature (10-40°C) were studied. The percent of the metal removal (R %) was calculated for each experiment using Eq. (1)
where C i and C e were the initial and equilibrium concentrations of metal ions in the solution, respectively. The metal biosorption capacity (q e ) of ANDB for biosorption of Cd 2? and Pb 2? metal ions at equilibrium was determined using Eq. (2)
where V is the volume of the solution (L) and M a is the mass of the biosorbent (g) used.
Point of zero charge
The charge on the biomass surface is a function of pH. Point of zero charge (pHpzc) is the pH at which the charge of the solid surface is zero. About 50 ml of 0.01 M NaCl solutions were taken in 100-mL screw-cap conical flasks. The pH of each solution was adjusted to 2, 4, 6, 8, 10 and 12 by adding 0.1 M HCl or NaOH solutions (Rivera-Utrilla et al. 2001) . Then, 0.15 g of ANDB was added to each flask, and the final pH was measured after 48 h of agitation at room temperature. The graph was plotted between the initial pH and the final pH obtained and point of zero charge was determined.
Column studies Column studies (both down flow and up flow) were conducted in glass columns (internal diameter = 3.0 cm and height 25.0 cm) at room temperature (around 30°C).
Columns of desired bed depth of ANDB were packed over a sheet of glass wool. The pH of the columns was adjusted to pH 5.0 and 6.0 for Cd 2? and Pb 2? , respectively, by circulating 3.0 L buffer solution of appropriate pH for 12 h at a flow rate of 1.0 mL min
by means of peristaltic pump. The effect of bed depths on the breakthrough curves were studied, using bed depths of 8. The PMI wastewater was treated by passing through the column 1 (bed depth 12.0 cm) at 5.0 pH with the flow rate of 1.0 mL min -1 . Samples were collected at regular time intervals and analyzed for Cd 2? and Pb 2? . The percolation of the wastewater into the column 1 was stopped on achieving the breakthrough point (BTP). Effluent of the column 1 was readjusted to pH 6.0 using a 0.1 M NaOH solution and then passed through the column 2 up to the BTP. The wastewater was treated till the concentration of both the metal ions fall below the detection limit.
The columns (1 and 2) used for treating PMI wastewater were regenerated using 0.1 M HCl. A mean effluent flow rate of 1.0 mL min -1 was maintained, and the effluents from both the columns were collected in 5.0 ml fractions and were analyzed for Cd 2? and Pb 2? . Thereafter, the column 1 was treated with water adjusted to pH 5.0 and column 2 with water of pH 6.0. The reactivated columns were then used again for another two cycles, for the treatment of the PMI wastewater.
Comparison of biosorption of Cd 2? from synthetic and PMI wastewater
The comparison of biosorption of Cd 2? in synthetic solution (single-metal ion system) and paint manufacturing wastewater (multi-metal ion system) was studied in columns (bed height 12.0 cm) fed with synthetic solution containing Cd 2? alone (C i = 200.0 mg L -1 ) and industrial wastewater containing Cd 2? and Pb 2? at flow rate of 1.0 mL min -1 at pH 5.5.
Results and discussion
Characterization of ANDB
Chemical and physical characterization of blank and Cd 2? , Pb 2? loaded ANDB was carried out with the help of FTIR and SEM instruments.
FTIR analysis
The FTIR spectra were recorded before and after biosorption of Cd 2? and Pb 2? to find out the functional groups involed in metal binding during the metal biosoption. Changes in intensity and shift in position of the peaks were observed in the spectra after Cd 2? and Pb 2? biosorption on ANDB (Fig. 1) . The broad and intense peak at 3,384 cm -1 was assigned to the presence of free or hydrogen-bonded O-H groups (from carboxylic acids or alcohols) on the surface of the biosorbent (Singh et al. 2013) . The band at 2,921 cm -1 indicates symmetric or asymmetric C-H stretching vibration of aliphatic acids. Peak observed at 1,643 cm -1 assigned to C=C stretching in aromatic ring. The peak observed at 1,118 cm -1 represents C-O bonding of phenols (Jacques et al. 2007 ). FTIR spectra of Cd 2? and Pb 2? biosorbed ANDB showed the shift in peaks from 3,384, 2,921, 1,643 and 1,118 cm -1 to 3,376, 2,913, 1,626 and 1,108 cm -1 , respectively. These observations confirmed the interaction of Cd 2? and Pb 2? with the biosorbent through -OH and -CO-functional groups.
SEM
Scanning electron microscopy with EDX analysis has been done before and after biosorption of Cd 2? and Pb 2? on ANDB (Fig. 2) . The EDX spectra obtained after biosorption revealed the additional signals of Cd 2? and Pb 2? , thereby confirming the binding of the metal ions to the surface of the biomass.
Batch studies
The maximum removal of Cd 2? and Pb 2? by ANDB was obtained at pH 5.0 and 6.0, respectively, as shown in Fig. 3 , and a significant decrease in biosorption capacity and Pb 2? on ANDB was studied in the time range of 1-300 min. It was observed that 65 % biosorption of Cd 2? and Pb 2? took place in first 60 min, and then, it continued to increase at a lower rate until 96 and 90 % biosorption of Cd 2? and Pb 2? , respectively, was achieved after 300 min of contact time. The two-stage biosorption mechanism was observed that involves the first rapid and quantitatively predominant, and the second slower and quantitatively irrelevant (Boudrahem et al. 2009 ). Hence, it was concluded here that lower flow rate would be more effective for biosorption in column experiments.
The influence of the adsorbent dose and initial metal concentrations on the present biosorption process was studied, and both Langmuir and Freundlich isotherms were applied to the data obtained. It was noticed that increase in adsorbent dose from 0.5 to 3.0 g/0.1 L resulted in a rapid increase in the uptake of Cd 2? and Pb 2? . But no considerable increase in biosorption was found beyond 2.0 g/0.1 L adsorbent dose. The presence of additional biomass resulted in overlapping of the biosorption sites or overcrowding of the biosorbent particles when the biosorbent dosage was increased beyond 2.0 g/0.1 L (Garg et al. 2003; Babel and Kurniawan 2004) . However, when the initial concentration of Cd 2? and Pb 2? was continuously increased from 50.0 to 250 mg L -1 using the fixed amount of the adsorbent (2.0 g/0.1 L), the uptake of Cd 2? and Pb 2?
was found to decrease due to the early saturation of the binding sites of the biosorbent at high metal concentration. This may also be accredited to the increase in the number of Cd 2? and Pb 2? competing for available binding sites of the biosorbent. The biosorption characteristics of Cd 2? and Pb 2? on ANDB followed more closely the Langmuir isotherm model with metal uptake and Pb 2? percentage removal and determination of point zero charge (pH PZC ) of ANDB Table 2 ).The biosorption capacity of Cd 2? and Pb 2? on ANDB was better at 30°C, and this may possibly be attributed due to the increase in molecular diffusion or due to the availability of more active sites on the surface of the ANDB by expansion of the pores at the same temperature (Gundogdu et al. 2009 ). The observed values of DH°and DG°as given in Table 2 and Pb 2? on ANDB. Hence, it was concluded from the batch studies that continuous biosorption experiments can be conducted using ANDB at specific pH (pH 5.0 and 6.0 for Cd 2? and Pb 2? , respectively) with lower flow rates (1.0 mL min -1 ) and appropriate biosorbent dose at 30°C.
Comparison of ANDB with few literature reported biosorbents
On the basis of batch studies, the comparison was done between the biosorption capacity of ANDB and that of the literature reported biosorbents. It was observed that ANDB exhibit very good sorption efficiency for Cd 2? and Pb 2?
( when 2.0/0.01 L of ANDB was used at pH 5.0 and 6.0, respectively.
Column studies
Effect of bed depth and flow rate
The increase in bed depth and decrease in flow rate resulted in increase of Cd 2? and Pb 2? biosorption on to ANDB with fixed initial metal ion concentration and specific pH. The data obtained by varying the bed depth and flow rate in both down flow and up flow modes for Cd 2? and Pb 2? were analyzed using Thomas model. The Thomas model assumes the Langmuir kinetics of sorption and desorption, with no axial dispersion. It assumes that the rate-driving force in sorption obeys second-order reversible reaction kinetics (Thomas 1944) . The expression by Thomas, for the adsorption by column, is given as follows:
where k TH is the Thomas rate constant (mL min -1 mg -1 ), q e the maximum metal uptake per gram of the adsorbent (mg g -1 ), s the amount of adsorbent in gram in the column, C i and C e are the influent and the effluent concentrations (mg L -1 ) of the metal ions, respectively, at time t, t = V eff / R where V eff is the effluent volume (mL) and R is the flow rate (mL min -1 ). The value of k TH and q e was determined from the plot of C e /C i against time t using nonlinear regression analysis.
The Thomas model parameters are given in Table 4 for Cd 2? and Pb 2? , respectively. It was observed from Table 4 that the metal biosorption capacity, BTP, and volume of water treated increased with increase in bed depth and decreases with increase in flow rate of the ANDB columns in both the modes. The increase in metal biosorption capacity with increase in bed depth (increase in the biosorbent mass) is obvious as more biosorbent will provide more binding sites resulting in higher metal uptake capacity (Singh et al. 2013) time in the column, resulting in maximum biosorption and late column exhaustion. The volume of treated water and metal uptake capacity was higher in up flow mode as compared to down flow mode, signaling that the biosorption against gravitational force is more effective as the metal ions get comparably more time for binding to the active sites on the surface as well into the interior of the biosorbent. The value of R 2 for all the experiments was 0.99 which indicated that Thomas model described the column performance data very well for the biosorption of Cd 2? and Pb 2? in both the modes.
Removal of Cd 2? and Pb 2? from PMI wastewater
Thomas model was also applied to the data obtained during three sorption desorption cycles for treating PMI wastewater in two separate columns 1 and 2 maintained at pH 5.0 and pH 6.0, respectively. The breakthrough curves obtained for Cd 2? and Pb 2? biosorption in both down flow and up flow modes were shown in Fig. 4 . The value of Thomas rate constant (k TH ), metal uptake capacity (q e ), BTP and water treatment capacity is given in Table 5 . From there, it can be summarized that the value of Thomas rate constant has not changed significantly, but the total metal uptake capacity, breakthrough time and volume of treated water showed a variation between the two modes as well as among the three cycles carried out. The metal uptake capacity, breakthrough time and volume of water treated in both the columns were maximum in the first cycle, and their value decreased in second and third cycles. It could be either due to the partial blocking of the active sites of ANDB in first and second cycles or due to the deterioration of the ANDB by acid washing during its regeneration process (Singh et al. 2013 ).
Further, comparing down flow and up flow modes, it was seen that in up flow mode, the metal uptake capacity, breakthrough time and volume of water treated were better than the down flow mode. This enhancement in the performance of the column in up flow mode may be due to increase in the residency time of the metal solution in the column while moving against the gravitational force and also due to the diffusion of the metal ions into the interior of the biosorbent utilizing the biosorbent binding sites completely.
After the third cycle, the exhausted biomass was removed from the columns and taken in 1,000-mL beaker. The 200 mL of 1.0 M HCl was added to it, and the mixture was agitated on the shaker for 2 h. The mixture was than filtered and again agitated with 200 ml of deionised water for same duration. Finally, the biomass was filtered and dried, and EDX analysis confirmed the absence of Cd 2?
and Pb 2? . This powder was used as a manures in the rice fields.
Comparison of biosorption of Cd 2? in synthetic and PMI wastewater
The comparison of biosorption of Cd 2? in synthetic solution (single-metal ion system) containing Cd 2? only with PMI wastewater (multi-metal ion system) containing Cd 2? , Pb 2? and other ions was studied in up flow mode. It was observed that Cd 2? biosorption was 100 % in case of synthetic solution, and it decreases to 95 % in case of PMI wastewater. Additionally, the BTP was also reduced to 63 h from 89 h. This may be due to the presence of a variety of metal ions in PMI wastewater. All metal ions are now competing for the adsorption sites, and hence, lesser sites would be available for Cd 2? adsorption. However, the uptake capacity (q e = 722 mg g -1 ) in PMI wastewater The value of k TH in both the columns was 0.0013 to 0.0017 was still reasonably good indicating the efficacy of the ANDB for the removal of Cd 2? , even from multi-metal ion solution.
Conclusion
High metal uptake capacity and reusability of ANDB make it promising biosorbent for desalinating Cd 2? and Pb 2?
from synthetic and PMI wastewater. The column studies conducted with PMI wastewater at optimized pH, contact time and temperature showed that metal removal (722 mg g -1 ) and overall water purification (3,840 mL) were maximum in up flow mode. The effect of co-ions in PMI wastewater proved that the biosorption of Cd 2? and Pb 2? was more effective in synthetic solution (single-metal system) as compared to PMI wastewater (multi-metal system). Hence, it can be concluded that ANDB has an excellent capacity to sequester metal ions from industrial effluents and can be used as an alternative adsorbent at commercial scale.
